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ABSTRACT: The isotope evolution of tetrachloroethene (PCE) during its transport from
groundwater toward the soil surface was investigated using laboratory studies and numerical
modeling. During air−water partitioning, carbon and chlorine isotope ratios evolved in opposite
directions, with a normal isotope eﬀect for chlorine (ε = −0.20‰) and an inverse eﬀect for carbon
(ε = +0.46‰). During the migration of PCE from groundwater to the unsaturated zone in a 2D
laboratory system, small shifts of carbon and chlorine isotope ratios (+0.8‰) were observed across
the capillary fringe. Numerical modeling showed that these shifts are due to isotope fractionation
associated with air−water partitioning and gas-phase diﬀusion. Carbon and chlorine isotope proﬁles
were constant throughout the unsaturated zone once a steady state was reached. However,
depending on the thickness of the unsaturated zone and its lithology, depletion in heavy isotopes
may occur with distance during the transient migration of contaminants. Additionally, variations of
up to +1.5‰ were observed in the unsaturated zone for chlorine isotopes during water table
ﬂuctuations. However, at steady state, it is possible to link a groundwater plume to gas-phase
contamination and/or to diﬀerentiate sources of contamination based on isotope ratios.
■ INTRODUCTION
Chlorinated compounds found in the environment are often
released at or near the land surface as a dense nonaqueous-
phase liquid (DNAPL). DNAPLs can then migrate vertically
(depending on gravity and capillary forces) through the
unsaturated zone to reach underlying aquifers.1 After
penetrating the aquifer they tend to form pools over low
permeability geological layers and, as their solubility in water is
generally low, create long-term groundwater contamination.2
Chlorinated ethenes can volatilize from groundwater and then
migrate by diﬀusion, which is the most signiﬁcant transport
process in the gas phase,3,4 through the unsaturated zone to the
soil surface. Moreover, a certain amount of NAPLs can be
retained in the unsaturated zone during the migration of
NAPLs through the soil (2−20% of the available pore space5),
and create a persistent source of contamination. Due to their
high vapor pressure, chlorinated compounds vaporize, creating
a vapor-phase contaminant plume.3,6−9 Chlorinated ethenes are
transported away from the NAPL source by gaseous diﬀusion
and may induce groundwater contamination even if the NAPL
has not reached the water table.10 Mass transport between
unsaturated and saturated zones and inside the unsaturated
zone thus plays an important role in controlling the fate of
these contaminants.11
Stable isotope analysis is increasingly used to investigate the
behavior of organic or inorganic contaminants in the
subsurface. Compound-speciﬁc isotope analysis (CSIA) has
proven to be an eﬀective tool to distinguish between diﬀerent
contaminant sources and to relate contaminant plumes to their
source.12−15 CSIA was also used to demonstrate and quantify in
situ biodegradation of petroleum hydrocarbons and chlorinated
solvents in groundwater.16−19 There is also an increasing
interest to apply CSIA in unsaturated zone studies to relate
vapor-phase contamination in the unsaturated zone to NAPL
sources or groundwater plumes and to demonstrate reactive
processes. However, previous laboratory studies have suggested
that, in the unsaturated zone, isotope ratios may also be
inﬂuenced by transport and partitioning processes. Isotope
fractionation was observed for diﬀusion of VOCs across a
porous media, vaporization from a NAPL phase, and air−water
partitioning.20−24 The studies of Bouchard et al.22 and
Jeannottat and Hunkeler24 have highlighted a depletion of
heavy isotopes with distance from a source of hydrocarbons and
trichloroethylene (TCE), respectively, during the initial
expansion of a vapor plume that vanishes at steady state.
Moreover, in the case of TCE, diﬀusion-controlled vaporization
induces an enrichment of the heavy chlorine isotopes but a
constant carbon isotopic ratio at the source of contamination,
while in the case of hydrocarbons the carbon becomes enriched
in the heavy isotopes. Kuder et al.23 investigated the combined
eﬀect of air−water partitioning and vapor diﬀusion on carbon
and hydrogen isotope ratios of MTBE during diﬀusive
volatilization and air sparging of dissolved compounds using
sand-ﬁlled columns. For carbon, no isotope fractionation was
observed for air sparging while an isotope enrichment factor of
−1.0‰ was reported for diﬀusive volatilization. For hydrogen,
enrichment factors of −5 to −12‰ were observed for diﬀusive
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volatilization and air-sparging from aqueous solutions,
respectively. A previous ﬁeld and numerical study for a site
where NAPL was present in a thick unsaturated zone suggested
that constant isotope ratios from groundwater to the soil
surface are only expected once a steady state is reached.25
However, potential variations of isotope ratio during the
transfer of contaminants from a groundwater contaminant
plume across the capillary fringe to the unsaturated zone have
not yet been studied experimentally. Hence it remains open if
CSIA is suitable to relate contaminants present in the
unsaturated zone to those in underlying groundwater plumes.
Signiﬁcant eﬀects might especially occur for chlorine isotopes in
chlorinated solvents due to the mass diﬀerence of two between
isotopes (35 vs 37) and due to the smaller isotope variations of
source material compared to carbon.
The main aim of this study is to investigate isotope
fractionation during the migration of volatile organic
compounds (VOCs) from groundwater across the capillary
fringe and through the unsaturated zone toward the
atmosphere using laboratory studies and numerical modeling.
Tetrachloroethene (PCE) was used as a model compound.
Carbon and chlorine isotopes were investigated together as in
practical applications of a multi isotope approach is more
promising to relate isotope variations to diﬀerent sources and
processes. Isotope fractionation during air−water partitioning
was ﬁrst evaluated in isolation using a multistep equilibration
approach that excluded a contribution of diﬀusion to isotope
fractionation. The eﬀect of the transport of PCE from
groundwater across the capillary fringe and through the
unsaturated zone on the isotope ratios was then evaluated.
For these studies, a 2D laboratory system with horizontal water
ﬂow in the bottom part rather than a classical column was used
as the transfer of compounds across the capillary fringe depends
on the groundwater ﬂow rate. In a ﬁrst experiment, steady-state
ﬂow conditions were established and the transient migration of
PCE was investigated. In the second experiment, groundwater
ﬂow was also transient. As the PCE is stable under the oxic
conditions typically encountered in sandy unsaturated zones,26
it was possible to evaluate the eﬀect of transport and
partitioning processes in isolation, without any degradation.
To generalize the results of the laboratory experiments and to
study various scenarios, numerical modeling was also carried
out. The numerical modeling makes it possible to gain
additional insight into the physical processes inﬂuencing
isotope fractionation. Based on the experimental and numerical
study, it was ﬁnally possible to draw conclusions about the use
of CSIA to ﬁngerprint VOCs contamination under variably
saturated conditions.
■ MATERIALS AND METHODS
Air−Water Partitioning. As a basis for the interpretation
of the 2D laboratory experiment, it needs to be known how
air−water partitioning inﬂuences isotope fractionation in
isolation. The eﬀect of air−water partitioning was investigated
using a similar approach as the one previously developed by
Jeannottat and Hunkeler.24 The air−water partitioning experi-
ments were carried out with a 50 mL gastight syringe partially
ﬁlled with 30 mL of an aqueous solution of PCE at 5 mg/L
with 20 mL of gas phase remaining. After an equilibration time
of 20 min on a rotary shaker at 200 rpm in a horizontal position
the gas phase was pushed out of the syringe and replaced by
clean air. Experiments with an increasing number of
equilibration steps (n = 1−7) were carried out and 20 mL of
the water was sampled after the last step of each experiment.
The whole experimental procedure was repeated twice. As a
previous study24 has shown that isotope fractionation in such a
multistep equilibration process follows in good approximation a
Rayleigh distillation trend, the results of the experiments were
plotted and evaluated using the following equations:
δ δ α= − fln[( )/( )] ( 1)lni (1)
ε α= −( 1) (2)
where δ is the isotopic composition of PCE for a particular
value of f, δi is the initial isotopic composition of PCE, f is the
fraction of liquid PCE remaining, α is the isotope fractionation
factor, and ε is the isotope enrichment factor. The uncertainty
associated with the isotope enrichment factor is characterized
by the standard deviation of the slope of the linear regression.
Transport of PCE through the Capillary Fringe and
the Unsaturated Zone. The transfer of PCE from ground-
water across the capillary fringe and the unsaturated zone was
investigated in a 2D laboratory system at 25 °C. 2D laboratory
systems have previously been used, e.g., to investigate oxygen
transfer across the capillary fringe.27 This 2D system was 0.07
m wide, 0.3 m long, and 0.8 m high, and was built mainly in
stainless steel with a glass panel on one side to allow
observation of variations of the water table. Sampling ports
were installed in the center of the system at various heights
along the model. Quartz sand (grain size of 0.7−1.2 mm) was
packed inside the system. A gear pump was used to establish a
pulse-free, horizontal water ﬂow in the bottom of the model
system. The experimental setup is illustrated in Figure S1 of the
Supporting Information (SI). At the beginning of the
experiment, the 2D system was completely ﬁlled with water
from the bottom with the gear pump. Based on the volume of
water added (6.2 L) and the total volume of the system (15.1
L), the porosity is estimated to be 0.41. Water was then
removed from the system (5.1 L), and the setup was ﬁlled and
emptied again in order to establish a typical drainage water
saturation proﬁle with a capillary fringe of 3−5 cm height based
on visual observations.
Two diﬀerent experiments were carried out. The ﬁrst
experiment was carried out under steady-state ﬂow conditions
with a constant water table set to 0.12 m using a constant-head
reservoir at the outlet of the system (SI Figure S1) and a stable
capillary fringe as indicated by visual observations. The
horizontal water ﬂow velocity of approximately 25 cm/day
(1.05 mL/min) was maintained for two weeks in order to
create stable hydraulic conditions. An oxic aqueous solution
with PCE at saturation (210 ± 16 mg/L at 25 °C) prepared in
a 5 L glass bottle was then circulated continuously through the
2D system in a closed loop with the outlet of the 2D system
connected to the glass bottle. The glass bottle contained excess
PCE NAPL and was stirred with a magnetic stirrer to ensure a
constant PCE concentration. The upper part of the 2D system
with a 5 cm thick headspace was tightly closed and ﬂushed with
clean humidiﬁed synthetic air at 15 mL/min to remove the
gaseous PCE from the system and to maintain the humidity
proﬁle. As the resistance for gas ﬂow in the headspace is very
small, pressure gradients across the headspace were very small
and hence no signiﬁcant gas ﬂow was induced in the porous
media. The good agreement between measured and modeled
concentrations conﬁrms that this assumption is reasonable. Gas
samples of 2 mL volume for concentration and isotope ratios
analyses were taken with a gastight syringe at diﬀerent heights
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(0, 10, 20, 30, 40, 50, and 60 cm) in the center of the system
after 1, 1.5, 2, 3, 4, 10, and 20 days. Steady-state ﬂow conditions
were maintained for 20 days at the end of the ﬁrst experiment
and before the beginning of the second study. The second
study investigated the concentration and isotope evolution
during water level ﬂuctuations. Two gear pumps were used to
increase or decrease the water table in the system; one at the
inlet of the 2D system and one in the outlet. The outﬂow was
set to the same ﬂow rate as for the ﬁrst experiment. To raise the
water level the inﬂow rate was increased, and to drop the water
level the inﬂow was reduced. The water table was ﬁrst raised
during 1.5 day from 0.12 to 0.25 m and stabilized for 3 days.
The water level was then lowered back to 0.12 m in a period of
1.5 day and stabilized for 3 more days before a ﬁnal increase of
water table from 0.12 to 0.25 m. Under oxic condition in clean
quartz sand, no biodegradation of PCE is expected to occur as
conﬁrmed by the absence of degradation products such as
trichloroethene or dichloroethene.
Sample Storage and Analysis. Gaseous samples were
dissolved into water as described in Jeannottat and Hunkeler.24
Aqueous samples were found to be more stable for storage until
an experiment was completed in order to analyze all the
samples in a single run (see SI for details). Moreover, samples
can easily be diluted to obtain identical peak areas and hence to
maximize the precision and accuracy of the analysis. Carbon
isotope ratios were determined using gas chromatography−
isotope ratio mass spectrometry (GC-IRMS), chlorine isotope
ratios using a GC quadrupole MS method and taking into
account four isotopologues (164, 166, 168, 170) as described in
detail in the SI. All isotope ratios were reported relative to a
standard (VPDB for carbon and SMOC for chlorine isotope)
using the delta notation. The combined standard uncertainty
was 0.11‰ for carbon and 0.43‰ for chlorine isotopes, and
the relative combined standard uncertainty was 9% for
concentrations analysis.
Numerical Modeling. The migration of the PCE from the
groundwater plume through the capillary fringe and unsatu-
rated zone was simulated using the ﬁnite-element code
COMSOL Multiphysics. The main goal of the modeling was
to gain additional insight into factors that inﬂuence the isotope
ratios during migration of compounds from the saturated to the
unsaturated zone and to extrapolate the results to systems with
a diﬀerent lithology or geometry. Water ﬂow and distribution
under variably saturated conditions at steady state were
simulated based on Richard’s equation. Soil water retention
curves were characterized with the Van Genuchten equation.28
The transport of the PCE was assumed to be driven by
advection, dispersion, and diﬀusion in the saturated zone and in
the capillary fringe. In the unsaturated zone, only diﬀusion was
assumed to occur. All the parameters except the transverse
vertical dispersivity were determined independently. Transverse
dispersivity was varied between 0.2 and 5 mm. As no signiﬁcant
variations of isotope ratios were observed in this range of
values, a value of 1 mm was chosen for the modeling. A
dimensionless Henry coeﬃcient of 0.65 and the isotope
fractionation factor air−water partitioning determined in this
study were used. The Henry coeﬃcient was determined during
air−water partitioning experiments by measuring PCE
concentrations in gas and water phase at several equilibration
steps (data not shown). The porosity was determined
experimentally (see above). The values of Van Genuchten
parameters, residual water content and saturated hydraulic
conductivity were estimated according to Carsel and Parish29
based on grain size distribution. Diﬀusion coeﬃcient in the air
and water were deﬁned according to Lugg30 and Worch,31
respectively. Fractionation between light and heavy isotopo-
logues was quantiﬁed using the following equation32 (see SI for
more details):
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where Dh and Dl are the diﬀusion coeﬃcient for heavy and light
isotopologues respectively, MWl is the molecular weight of the
light molecule, MWh is the molecular weight of the heavy
molecule, and MWm the mass of molecules in the media
through which diﬀusion takes place. Because isotopes and pairs
of isotopologues diﬀering in one heavy isotope fractionate the
same way, isotope fractionation factors can thus be used to
quantify isotopologue fractionation.24 Only the mass 165.83
and 166.83 for carbon isotopes and 165.83 and 167.83 for
chlorine isotopes were taken into account for the modeling.
Equilibrium was assumed between concentrations in the gas
and water phase and only aqueous-phase concentrations are
reported. To more easily compare results between the saturated
and in the unsaturated zone, experimental results measured in
the gas phase were transformed in aqueous values, using
Henry’s law (Kgw = 0.65) and isotope fractionation factors for
air−water partitioning determined in this study. More details of
the modeling approach and the values of the parameters used
for the modeling study (Table S1) can be found in the SI.
■ RESULTS AND DISCUSSION
Air−Water Partitioning. Signiﬁcant chlorine and carbon
isotope fractionation occurs during air−water partitioning
(Figure 1). The isotope evolution during air−water partitioning
of chlorinated compound follows a Rayleigh trend and isotope
enrichment factors are calculated with eqs 1 and 2. As duplicate
experiments show similar results, the average values will be
discussed here. Chlorine and carbon isotopes show opposite
fractionation trends, with a normal isotope eﬀect for chlorine
isotopes (enrichment of heavy isotopes in gas phase) and an
inverse isotope eﬀect for carbon isotopes (depletion of heavy
isotopes in gas phase) (Figure 1). The chlorine isotope
enrichment factor for air−water partitioning has a value of εCl =
Figure 1. Rayleigh plots for air−water partitioning illustrating
concentrations measured in the aqueous phase.
−0.20±0.04‰,whiletheenrichmentfactorforthecarbonhas
avalueofεC=+0.46±0.04‰(Figure1).
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These results agree with the isotopic fractionation trends
observed by Jeannottat and Hunkeler24 for TCE, which showed
the same opposite trends for carbon and chlorine isotope
fractionation. The enrichment factors are higher for PCE than
for TCE (εCl = −0.20 ± 0.04‰ vs −0.06 ± 0.05‰ and εC =
+0.46 ± 0.04‰ vs +0.38 ± 0.04‰, respectively). Bacsik et al.33
and Costa-Gomez and Grolier34 have also measured opposite
enrichment factors for carbon and hydrogen isotopes of
methane during air−water partitioning, with a normal isotope
eﬀect for hydrogen and an inverse isotope eﬀect for carbon
isotopes with respect to the gas phase.33 Jansco and Van
Hook35,36 have shown that hindered translations and rotations
(external mode) will always lead to a normal isotope eﬀect. In
contrast, the frequencies of the internal vibrations (internal
mode) will in most cases shift toward lower frequencies (red
shift) upon dissolution of molecules, leading to an inverse
isotope eﬀect. The observed trends for PCE indicate that
changes in the internal modes control isotope fractionation for
carbon, whereas for chlorine changes in the external modes
dominate.
Transport of PCE through the Capillary Fringe and
the Unsaturated Zone: Laboratory Experiments and
Numerical Modeling. During the ﬁrst 4 days of the
experiment, concentrations in the gas phase steadily increased
(Figure 2a). After 4 days, concentrations increased more slowly
indicating that a steady state was approached (Figure 2a). The
small increase of concentrations from 4 to 20 days observed in
Figure 2a is due to a concentration increase in the top of the
column, where PCE vapors did not seem to be evacuated
eﬃciently enough to keep concentrations close to 0. The
aqueous-phase concentrations at the water table reach 180 mg/
L at steady state (data not shown). In the lowest gas-phase
sampling point, the gas-phase concentration after 20 days is 20
times smaller with respect to the aqueous-phase concentration
at the water table (Figure 2a). This large decrease of
concentrations is consistent with similar experiments carried
out with TCE by McCarthy and Johnson,11 where very low
concentrations were found in the unsaturated zone compared
to groundwater. Upward transport across the capillary fringe is
restricted compared to transport in the unsaturated zone above,
as diﬀusion in water is slower than in the gas phase and as the
vertical transverse dispersivity in water is small. As a result, at
steady state, a steep concentration gradient is established across
the capillary fringe compared to the unsaturated zone above to
maintain a constant mass ﬂux in vertical direction.
Isotope proﬁles in the unsaturated zone do not vary with
distance from the water table at a given time (Figure 2b and c).
However, the chlorine isotopic ratios globally tend to shift to
more positive values over time. Carbon and chlorine isotopic
ratios thus show only small variations in the unsaturated zone,
even at transient state (Figure 2b and c). This contrasts with
previous results for diﬀusion from a NAPL source where a
strong depletion of heavy isotopes with distance from a TCE
source was observed during the transient expansion of a vapor
plume at a similar length scale.24 When substances diﬀuse out
of the water, it takes more time to reach a steady state due to
the mass transfer resistance of the capillary fringe which was
absent in case of the NAPL source. Hence the isotope proﬁles
have time to constantly readjust, which is not the case during
rapid NAPL vaporization. This conclusion is consistent with
the shape of the concentration proﬁles which are nearly linear
even at early times suggesting pseudo-steady-state conditions.
After 20 days, a diﬀerence of about 0.8‰ was observed
between aqueous and gaseous values across the capillary fringe
for both carbon and chlorine isotopes, which represent a
statistically signiﬁcant variation (p < 0.05 according to Student t
test). Especially for chlorine, this shift is distinctly diﬀerent
from the expected shift if isotope fractionation were due to air−
water partitioning only (blue vertical dotted lines in Figure 2b
and c). To evaluate the inﬂuence of each physical process (air−
water partitioning and diﬀusion) and their combination on the
isotope ratios in the capillary fringe, numerical modeling of the
2D system experiment was performed.
The numerical modeling made it possible to evaluate the
eﬀect of diﬀerent physical processes on isotope fractionation
during transport of PCE between the saturated and unsaturated
zone, as well as to generalize the ﬁndings of the laboratory
study by considering diﬀerent scenarios. To simplify the
comparison of isotope ratios from the saturated and the
unsaturated zone, only aqueous-phase concentrations are
Figure 2. Concentration (A), δ13C (B), and δ37Cl (C) of PCE in the saturated and unsaturated zone (values for gas phase) of the 2D system
(combined standard uncertainty ±0.1‰ for C and ±0.43‰ for Cl). The horizontal black lines illustrate the location of the water table and the gray
lines the extension of the observed capillary fringe. The dashed lines indicate the isotope ratio of dissolved PCE (dashed black) and of gaseous PCE
in equilibrium with dissolved PCE (dotted blue).
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reported in Figure 3. The same trends are obtained for
experimental values and the numerical modeling for both
concentrations and isotopic values. Concentration proﬁles are
linear in the unsaturated zone above the capillary fringe and
increase over time until a steady state is reached. A strong
concentration gradient is observed in the capillary fringe. The
isotope proﬁles obtained with numerical modeling agree well
with experimental results. Only 11% (carbon) or 2% (chlorine)
of the measured data deviate by more than 0.5‰ from the
modeled data.
Figure 3. Concentration (A), δ13C (B), and δ37Cl (C) of measured (points) and modeled (lines) PCE in the middle of the 2D system (combined
standard uncertainty ±0.11‰ for C and ±0.43‰ for Cl). All values correspond to equivalent values in the water phase to obtain continuous curves
across the capillary fringe. The lines indicate steady-state isotope ratios with a diﬀusion isotope eﬀect only (dashed blue), steady state isotope ratios
with an air−water partitioning isotope eﬀect only (dashed green), and the isotope ratio of source PCE (dashed black).
Figure 4. Inﬂuence of the thickness of the unsaturated zone and the top boundary conditions (A, C open to atmosphere; B, D closed) on the carbon
(A, B) and chlorine (C, D) isotope ratios at 0.5 m below the top of the unsaturated zone. Isotope ratios are expressed as aqueous-phase values.
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In the model, constant isotopic values are obtained at steady
state through the unsaturated zone above the capillary fringe. In
the case of chlorine isotopes, a small oﬀset of aqueous-phase
isotopic values is observed across the capillary fringe (0.7‰)
(Figure 3c). In contrast, for carbon the change across the
capillary fringe was <0.1‰. The absence of isotope
fractionation for carbon in the capillary fringe, but not for
chlorine, was explored further using the numerical model. In
Figure 3b and c, the dashed blue curves represent the isotopic
values at steady state when diﬀusion only is associated with
isotope fractionation (normal isotope eﬀect with ε = −0.44‰
for carbon and ε = −0.88‰ for chlorine, SI eq S8). The dotted
green curves represent the isotopic values at steady state with
isotope fractionation due to air−water partitioning only
(inverse isotope eﬀect with ε = +0.46‰ for carbon and ε =
−0.2‰ for chlorine, calculated with eq 3). For carbon isotopes,
the normal isotope eﬀect of diﬀusion is partly canceled by the
air−water partitioning isotope eﬀect (black curve of Figure 3b).
In contrast, in the case of chlorine isotopes, the normal isotope
eﬀect of diﬀusion and the normal isotope eﬀect for air−water
partitioning partly cumulate, leading to a larger enrichment in
heavy isotopes in the capillary fringe (black curve of Figure 3c).
As the oﬀset observed for chlorine in the aqueous phase of the
capillary fringe seems mainly inﬂuenced by the fractionation
caused by the diﬀusion (Figure 3c), it is expected to be higher
for lighter molecules (diﬀusion enrichment factor of 1.5‰ for
the cis-DCE; calculated with eq 3).
Using the numerical model, various scenarios were studied in
order to evaluate the eﬀect of the unsaturated zone thickness
and the lithology on the isotope evolution. The height of the
unsaturated zone was varied between 1.5 and 9 m while
maintaining all other factors (Figure 4). For each height two
boundary scenarios were simulated, an unsaturated zone open
to the atmosphere and an unsaturated zone covered with an
impermeable layer (e.g., building or pavement). In Figure 4, the
isotope ratios at 0.5 m below the top of the unsaturated zone
are reported mimicking values obtained during shallow soil gas
sampling. For all depth and both boundary scenarios, PCE is
initially depleted in heavy isotopes and then approaches the
isotope signature of the source. The thicker the unsaturated
zone is, the larger the initial depletion of heavy isotopes is. After
50 days, isotope ratios deviate less than 1‰ from the source for
all scenarios (Figure 4). For open conditions, carbon isotopes
converge toward the source value, while chlorine isotopes
become enriched in heavy isotopes compared to the source as
also observed in the laboratory experiment. PCE with heavy
chlorine isotopes is preferentially removed from the unsatu-
rated zone due to the normal isotope eﬀects associated with
air−water partitioning and gas-phase diﬀusion. For carbon,
these two eﬀects cancel. For the closed system, both carbon
and chlorine isotope ratios approach the source values as no
preferential removal of light compounds from the unsaturated
zone occurs. The steady state isotope signatures for chlorine are
about 0.8‰ apart for open and closed system, while they
deviate only by 0.2‰ for carbon.
To explore in more detail the factors that control the isotope
patterns, additional simulations were made for the 3 meters
scenario (open to atmosphere) with only one process that
fractionates isotopes (either gas-phase diﬀusion or air−water
partitioning). These simulations demonstrate that the isotope
trends in the unsaturated zone under transient conditions are
dominated by isotope fractionation associated with gas-phase
diﬀusion (SI Figure S2).
In addition, the eﬀect of diﬀerent lithologies (from sand to
sandy clay) was explored based on the 0.8 m 2D system. Values
of porosity, residual water content, hydraulic conductivity and
Van Genuchten parameters (SI Table S2) were chosen
according to values given by Carsel and Parrish.29 The ﬁner
the grain size is, the higher the initial depletion of heavy
isotopes is (SI Figure S3). However, after 50 days, the isotope
ratios deviate less than 1‰ from the source value.
Figure 5. Results of water level ﬂuctuations experiments. Temporal variations of the water level (A), concentrations (B), δ13C (C), and δ37Cl (D) in
the gas phase (combined standard uncertainty ±0.11‰ for C and ±0.43‰ for Cl). The horizontal lines represent isotopic values at steady state.
The red bands correspond to periods when the water table was varied.
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Whereas constant isotopic proﬁles are reached at steady state
throughout the unsaturated zone above the capillary fringe,
how will isotopic ratios evolve for more dynamic environmental
conditions? To address this question the water table was
changed several times in a period of 15 days. The water level
was increased from 0.12 to 0.25 m at 9 cm/day, stabilized
during 3 days, lowered at the same rate and to the initial water
table, stabilized during 3 days, and ﬁnally increased back to a
level of 0.25 m (Figure 5a). When the water level increases, the
concentrations in the unsaturated zone decrease (Figure 5b).
Conversely, during water table drop, concentrations increase
considerably in the unsaturated zone. The concentrations
decrease again when the water table is raised for the second
time. All the variations of concentrations ﬁt quite well with
previous experiments by McCarthy and Johnson11 that
investigated eﬀects of water table changes and the same trends
are observed.
During water table ﬂuctuations, carbon isotope ratios vary
less (amplitude of 0.65‰ for a given sampling point) than
chlorine isotopes (amplitude of 1.5‰ for a given sampling
point). When the water level increases, PCE becomes more
enriched in 37Cl, and when water level drops, it becomes more
depleted. The isotope ratio of PCE in the unsaturated zone
depends on the rate of loss of molecules via diﬀusion through
the unsaturated zone, which preferentially removes light
molecules. In addition, it is inﬂuenced by the rate of transfer
of molecules from the aqueous to the gaseous phase which is
less isotope sensitive (as air−water partitioning is small and the
aqueous phase is continuously replenished by the ﬂow) or
which might deliver preferentially light isotopes due to isotope
fractionation associated with aqueous-phase diﬀusion. During
the water table ﬂuctuation, the balance between the two factors
is disturbed. When the water level rises, fewer molecules are
transferred from the water to the gas phase as indicated by the
lower concentrations. As light isotopes diﬀuse out of the system
faster, a depletion of light isotopes occurs in the capillary fringe.
Chlorine isotopes thus show variations of 1.5‰ during the 13
cm water table ﬂuctuations. However, because transport in the
gas phase is rapid, the δ37Cl values tend to reverse to the steady
state values after 3 days if the water level is stabilized. When the
water level drops, the gas phase close to the water table comes
in contact with water containing a high amount of PCE, leading
to a temporary increase of concentrations in the gas phase. As
the delivery of lighter molecules thus increases, at least
temporarily, isotope fractionation drops and δ37Cl values
become closer to source values. Conversely, carbon isotopes
do not show signiﬁcant variations during water table
ﬂuctuations since isotopic fractionation associated with gas-
phase diﬀusion is smaller than for chlorine and is counteracted
by inverse isotope fractionation associated with air−water
partitioning.
■ IMPLICATIONS FOR FORENSICS STUDIES
A strong deviation of the unsaturated zone VOC isotope ratios
from groundwater ratios mainly occurs during the transient
migration of VOCs across the unsaturated zone. As a steady
state is approached, the isotope ratios converge toward the
isotope ratio of dissolved compounds in the saturated zone. For
thicker unsaturated zones and less permeable sediments, the
depletion in heavy isotopes persists longer. For the scenarios
considered in this study (unsaturated zone thickness of up to 9
m), a period of 50 days was suﬃcient to reach isotope values
that deviate less than 1‰ from the groundwater values. Even at
steady state, a small oﬀset between unsaturated zone and
groundwater isotope ratios can persist that however remains
below 1‰ for the scenarios considered in this study. The oﬀset
is due to the isotope eﬀect associated with air−water
partitioning and diﬀusion. The oﬀset is larger for conditions
open to the atmosphere, leading to preferential loss of light
isotopologues than for a closed boundary (e.g., pavement).
Moreover, chlorine isotope variations occur in the unsaturated
zone during water table ﬂuctuations. Hence, potential isotope
variations due to nonsteady state conditions should be
considered when applying CSIA methods at ﬁeld sites,
especially if the unsaturated zone is thick, if layers of ﬁne
sediments are present at the site, or if large and rapid water
table variations occur. However, at steady state, stable isotope
analysis can be used to link a soil gas contamination of
chlorinated solvents to a plume located in groundwater as
oﬀsets are expected to be small as long as no biodegradation
occurs. In fact, similarly as in the saturated zone, biodegradation
can lead to an enrichment of heavy isotopes in the unsaturated
zone.
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